Dose-response curves for blockade of the indirectly elicited twitch of isolated guineapig nervelumbrical muscle preparations were determined for tubocurarine and pancuronium in the presence of potassium 2, 4 and 6 mmol litre" 1 and calcium 1, 2 and 3 mmol litre" 1 . Increases in concentration of either ion decreased the sensitivity of the preparation to both drugs. Over the physiological range of concentrations of potassium and calcium, 36% and 27% variation in dosage can be expected.
INTERACTION OF CALCIUM AND POTASSIUM WITH NEUROMUSCULAR BLOCKING AGENTS
B. E. WAUD AND D. R. WAUD SUMMARY Dose-response curves for blockade of the indirectly elicited twitch of isolated guineapig nervelumbrical muscle preparations were determined for tubocurarine and pancuronium in the presence of potassium 2, 4 and 6 mmol litre" 1 and calcium 1, 2 and 3 mmol litre" 1 . Increases in concentration of either ion decreased the sensitivity of the preparation to both drugs. Over the physiological range of concentrations of potassium and calcium, 36% and 27% variation in dosage can be expected.
Much information is available concerning the influence of the ionic composition of the bathing medium on the electrophysiological behaviour of the neuromuscular junction. For example, calcium has been shown to decrease the degree of depolarization produced by acetylcholine (Ginsborg and Jenkinson, 1976) , to accentuate desensitization (Manthey, 1966) , and to alter affinity of the receptor for tubocurarine Qenkinson, 1960 )-all postsynaptically. Calcium is known also to have a profound presynaptic effect on the release of transmitter; that is, a nerve impulse will release more acetylcholine if the concentration of calcium is increased (Katz and Miledi, 1965) . However, despite this information on the action of calcium on the individual components of the system, we know neither the direction nor the extent of the overall effect. Can the increase in the release of the transmitter produced by the increase in calcium concentration override the concomitant decrease in postsynaptic chemosensitivity ? More particularly, will the synapse be more or less sensitive to tubocurarine, and by how much ?
A similar problem exists with regard to potassium. Very accurate measurements have been made to demonstrate the dependence of membrane potential and the reversal potential of the end-plate potential on potassium concentration (Katz, 1966) . Potassium can be shown to act presynaptically to increase the frequency of miniature end-plate potentials (Ginsborg and Jenkinson, 1976) system is too complex to allow deduction about the overall effect of a change in potassium concentration on the dose-response relationship of tubocurarine.
We have attempted direct determination of the dose-response curves for a competitive neuromuscular blocking agent in the presence of varying concentrations of each ion.
METHODS
The experiments were performed using an isolated guineapig nerve-lumbrical muscle preparation. The preparation was suspended in • Krebs' solution (composition (mmol litre" 1 ): sodium 138; potassium 2-6; calcium 1-3, magnesium 1.22; chloride 123; dihydrogen phosphate 1.2; sulphate 1.22; bicarbonate 25; plus glucose, 2.08 g litre" 1 ) bubbled with'oxygen 95%, carbon dioxide 5% and maintained at 37 °C. The nerve was placed in contact with a pair of platinum electrodes and stimulated every 10 s with a shock of 0.3 ms duration and twice maximum intensity. The resulting indirectly elicited twitch response was recorded with an isometric transducer connected to an oscillograph pen recorder.
After isolation, the preparation was equilibrated with a bathing solution of potassium 5.9 mmol litre" 1 (the usual value for Krebs' solution) and calcium 1, 2 or 3 mmol litre"
1 . Alternatively, the concentration of calcium was held at the customary 2.5 mmol litre" 1 and the potassium set at 2, 4 or 6 mmol litre" 1 . Following equilibration, tubocurarine or pancuronium was added in increasing concentrations to give a series of step-wise decreases in twitch height. The results were plotted as twitch height against concentration of antagonist. A sigmoid curve was fitted to the results by an iterative non-linear least squares technique analogous to that used previously in this laboratory (Waud, 1975) , and an estimate of the concentration halving the twitch response-the tubocurarine or pancuronium ED M -was obtained. Finally, these ED 60 values were plotted against the concentration of potassium or calcium in which they were obtained to demonstrate the relationship of the dose of tubocurarine or pancuronium to ionic composition. Figure 1 shows representative dose-response curves obtained with tubocurarine at three concentrations of potassium. There was a clear shift of the curve to the right with increasing concentrations of potassium; that is potassium increases the dose of tubocurarine required to produce any given depth of block. The results of all such experiments are presented in figure 2, with the corresponding values for pancuronium. Both drugs were affected similarly by changes in concentration of potassium.
RESULTS
Calcium also had a marked effect on the preparation. Figure 3 shows representative dose-response curves obtained with pancuronium at three calcium concentrations. Figure 4 summarizes the results, with the corresponding values obtained with tubocurarine. Both pancuronium and tubocurarine were affected similarly by changes in concentration of calcium. The effects of tubocurarine and pancuronium were reversible following washing. 
DISCUSSION
Increases in the concentration of either potassium or calcium produced decreases in the sensitivity of the isolated nerve-muscle preparation to both tubocurarine and pancuronium. These results represent the effect of relatively acute changes in concentration of the ions studied. Each dose-response curve in figures 1 and 3 represents an experiment which took about 6 h to complete. However, it was found that with an acute change of potassium or calcium ion concentration the twitch response shifted rapidly (in a few min) to the new level. In the case of potassium, chronic changes in plasma concentration may produce different effects as the ion redistributes across the cell membrane. Calcium, on the other hand will probably show less difference with chronic changes, since intracellular concentrations appear to be actively maintained at relatively stable (and low) values.
Patients can show considerable variation in sensitivity to competitive neuromuscular blocking agents. For example, Katz (1967) gave tubocurarine 0.1 mgkg -1 to a group of subjects and found that the degree of block ranged from imperceptible to complete. Presumably this variation reflects the interplay of many factors such as end-organ sensitivity, pharmacokinetic processes, and the patient's physical condition. The first step in sorting out the relative contributions of such a multitude of factors is to examine the effect of each in isolation in a wellcontrolled system. The present study presents such information for two variables, plasma potassium and calcium ion concentrations. The use of an isolated organ preparation permits a change in the variable of interest without changing others. This may be contrasted with analogous studies in vivo in which, in order to change concentration of potassium, large and repeated doses of diuretics were used (Hill et al., 1978) . Such studies are hard to interpret because of the difficulty in determining which of the many effects of the diuretic is responsible for the results observed.
The observations with calcium may be viewed in the framework of the extent of patient-to-patient variation in plasma concentration of this ion. A normal range of 2.1-2.6 mmol litre" 1 (Castleman, 1974) for total calcium ion concentration would (since 50% is plasma bound) correspond to 1.06-1.31 mmol litre" 1 in our Krebs' solution which contained no protein. From figure 4 this degree of variation would lead to a change of ED 50 /JC B from 2.2 to 2.8, corresponding to about a 27% increase in ED 60 . The wide range of ion concentration that could accompany pathological states would produce greater alteration in sensitivity to tubocurarine or pancuronium.
In the case of potassium, the normal range is of the order of 3.5-5.0 mmol litre-1 (Castleman, 1974) . Figure 2 indicates a corresponding change in dose requirement of tubocurarine or pancuronuim from 3.6 to 4.9 units of K^ or a 36% increase in ED 60 -Again, the wider range of pathological variations in ion concentration would produce more extensive perturbation of dose requirement.
The present measurements should not be used to determine in advance the dose of a neuromuscular blocking agent, but as background information for titration of the drug against the patient's response.
